Antarctic ice-core data reveal that the atmosphere experienced abrupt centennial increases in CO 2 concentration during the last deglaciation (~18 thousand to 11 thousand years ago). Establishing the role of ocean circulation in these changes requires highresolution, accurately dated marine records. Here, we report radiocarbon data from uranium-thorium-dated deep-sea corals in the Equatorial Atlantic and Drake Passage over the past 25,000 years. Two major deglacial radiocarbon shifts occurred in phase with centennial atmospheric CO 2 rises at 14.8 thousand and 11.7 thousand years ago. We interpret these radiocarbon-enriched signals to represent two short-lived (less than 500 years) "overshoot" events, with Atlantic meridional overturning stronger than that of the modern era. These results provide compelling evidence for a close coupling of ocean circulation and centennial climate events during the last deglaciation.
P aleo-records have shown that warming during the transition from the Last Glacial Maximum (LGM) [~22 thousand to 18 thousand years ago (ka)] to the Holocene occurred in several abrupt events, which were not synchronous between hemispheres (1). The warming in the Southern Hemisphere was accompanied by millennial-scale atmospheric CO 2 concentration increases during the Younger Dryas (YD) (12.9 to 11.5 ka) and Heinrich Stadial 1 (HS1) (~18 to 14.6 ka) (2) . Together, the timing of interhemispheric temperature and CO 2 changes at millennial scales point to a critical role for Atlantic Meridional Overturning Circulation (AMOC) through its "seesaw" behavior (3, 4) . Reduced AMOC strength decreased heat transport from the south to the north during the YD and HS1 (5) . At the same time, increased Southern Ocean upwelling likely enhanced the release of CO 2 (6, 7) . Recently, a new, high-resolution Antarctic ice-core record (8) has revealed three abrupt centennialscale atmospheric CO 2 increases superimposed on the millennial-scale deglacial CO 2 rise, each of 10 to 15 parts per million by volume (ppmv), contributing a substantial portion of the total 90 ppmv deglacial CO 2 increase. Within the constraints of the ice-age and gas-age offsets, the timings of the latter two of these centennial changes are coincident with abrupt Northern Hemisphere warming at the end of the YD and HS1. These two abrupt centennial CO 2 rises have been interpreted as being driven from the north by reinvigoration of AMOC (8) .
In order to establish direct links between the atmosphere and ocean at centennial time scales, it is necessary to have well-dated, high-resolution marine records that are comparable with ice-core records. Deep-sea fossil corals have the particular advantage that they can be precisely dated with U-series disequilibrium methods (9) . The aragonite skeletons of scleractinian corals also record the radiocarbon ( 14 C) content of dissolved inorganic carbon (DIC) at the time of growth, so that coupled 14 C/ 12 C analysis and U-series dating of deepsea corals provides the reconstruction of past deep-ocean 14 C/ 12 C ratios. Radiocarbon is produced in the upper atmosphere by cosmic rayinduced nuclear reaction and has a decay half-life of 5730 years. Once introduced into the deep sea from the surface ocean, it is isolated from the atmosphere and decays away. Variability of 14 C in the deep ocean thus provides a proxy that is related to the isolation and geometry of deepwater masses and the rate of deep circulation both in the modern and the geological past. In this study, we have generated a detailed deglacial radiocarbon history in the Equatorial Atlantic mainly at depths from 750 to 2100 m [Intermediate/ Deep waters (EAI/DW)] and at locations within modern-day Southern Ocean Upper Circumpolar Deep Water (UCDW) (700 to 1800 m) from the Drake Passage on an absolute time scale based on deep-sea corals. We use these data to put new constraints on the millennial to centennial mechanisms connecting the Atlantic, the Southern Ocean, and the atmosphere.
The Equatorial Atlantic coral samples (5 to 15°N) were recovered from depths of 750 to 2800 m from the Sierra Leone Rise, the Mid-Atlantic Ridge, and Researchers Ridge (10). The modern hydrography is mainly composed of North Atlantic Deep Water (NADW), Antarctic Intermediate Water (AAIW) (core depth of 700 to 800 m), and a lesser contribution from subtropical surface waters ( fig. S1) (10) . Samples of interest with ages less than 25 thousand years (ky) were selected and dated precisely with isotope-dilution methods (9) . Radiocarbon analyses were made on samples with U-Th ages that passed our screening criteria (10). We have calculated D 14 C, DD 14 C, and BAtmosphere age (11) for each sample based on IntCal13 (12). The deglacial 14 C evolution of UCDW has been reported before, but with lower sampling resolution (13) . In this study, we have filled important gaps in the earlier record and increased the number of samples from 31 to 55, allowing a comparison of 14 C ventilation between the Southern Ocean and EAI/DW at submillennial time scales (Fig. 1, B and D) .
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C values of the shallow EAI/DW layers (750 to 1162 m) ( C-depleted condition during the early Bølling-Allerød (B-A) (14.6 to 12.9 ka) was followed by a second abrupt DD 14 C increase during the YD-to-Holocene transition (Fig. 1D) (13) .
Observations from nutrient proxies indicate that a strong chemical gradient existed between 2000 and 2500 m depth in the Atlantic during the LGM (15) . Glacial reconstructions also show 14 C-depleted signatures in the deep Atlantic, thus supporting a more isolated deep ocean (16) (17) (18) . However, data in the intermediate ocean are more challenging to interpret. For example, geostrophic reconstructions from the Florida Straits point to a reduced Gulf Stream (19) , whereas evidence from sedimentary Pa/Th ratios suggests that glacial Atlantic upper-ocean circulation (<2000 m) was at least as strong as the modern deep overturning (20) . Our 14 C data ( Fig. 2C and fig. S4 ) from intermediate depths (750 to 1492 m) as well as a published record from thermocline waters (500 to 600 m) (21) indicate that the upper Equatorial Atlantic during the glacial period was filled with the modern era, supporting relatively strong circulation in the upper ocean. However, the 14 C age differences between UCDW and the shallow layer (750 to 1162 m) of EAI/DW were much larger during LGM (~800 to 1000 years) than the present (~500 years) (Fig. 2C ). Mechanisms that could maintain these large glacial 14 C gradients might be related to water mass mixing and advection rates, as well as more extreme 14 C end-member compositions during the glacial period (10).
In the early HS1 (18.0 to 16.0 ka), deep sedimentary Pa/Th ratios indicate a substantial reduction in AMOC rates (5), which coincided with the initiation of the deglacial atmospheric CO 2 rise (8) ] concentration (~1800 m) (24) . These changes in the carbon chemistry of the mid-depth Atlantic may have been due to the weakened AMOC and its associated effects (such as respired carbon accumulation in mid-depth waters) rather than upwelling in the deep South Atlantic (>2500 m) (22, 23, 25) . Under this scenario, an additional, well-ventilated North Atlantic water mass at shallower depths (such as <1200 m) is required to explain the early HS1 Atlantic benthic d (27) (28) (29) . Given that extremely depleted 14 C waters do not seem to pass through the intermediate depths of the Southern Ocean or Equatorial Atlantic (13, 21, 30) , those 14 C depletions are likely to be regional or localized features.
In the deeper waters of the Equatorial Atlantic (1827 to 2100 m), the early part of HS1 is characterized by a decreasing D
C trend from 17.4 to 16.2 ka (Fig. 1A) . The B-atmosphere age at 17.4 ka was more than 400 14 C years older than the intermediate waters (972 to 1162 m), which is in marked contrast with the Holocene (Fig. 2C ) and is consistent with a reduced presence of 14 C-rich NADW. From the LGM to the early HS1 (Fig. 1D) (Fig. 2F ). These changes in the early HS1 suggest a reduced/shoaled AMOC (Fig.  2E ) and a comparatively low efficiency of heat transport from the Southern to the Northern Hemisphere.
Throughout HS1, the water column of the equatorial Atlantic was characterized by low-D 14 C deep waters underlying shallower, more 14 C-enriched waters. Although we find no evidence for enhanced 14 C ventilation in the 1827-to-2100-m layer, our records show that the Drake Passage records and Equatorial Atlantic mid-depth (1296 to 1612 m) waters started to shift toward a higher D
C value as compared with that of the early HS1 (Fig. 2C) . Therefore, it is unlikely that this shift was caused by upwelling of of our records. Foraminifera Nd isotopes from the tropical Atlantic have previously highlighted a two-phase HS1 water-mass provenance shift at intermediate water depths (~1000 m) (32) . In contrast, Pa/Th ratios and Nd isotopes from the deep subtropical North Atlantic (5, 33) did not show a mid HS1 shift, which is consistent with our observation that the deeper Equatorial Atlantic remained in a poorly 14 C-ventilated condition throughout HS1. Together, these results suggest that increased 14 C ventilation and the potential increase in AMOC strength in the late HS1 might have been restricted to the upper ocean (such as <2000 m), whereas the abyssal Atlantic remained less affected (5, 22) . This mid-HS1 shift in 14 C ventilation was accompanied by major reorganization of the atmosphere and the North Atlantic climate system (10, 31, 34, 35) . At around the same time, a reversal in the early HS1 temperature decline at Northern Greenland (NGRIP) initiates Northern Hemisphere deglacial warming (Fig. 3B) .
Deglacial warming in the Northern Hemisphere is characterized by two abrupt warming events of 10°C at Northern Greenland, occurring at the HS1-to-B-A transition and YD-to-Holocene transition (31), which were synchronous with the rapid intensification of Asian monsoons (Fig. 2D) (35) . During both events, CO 2 increased by~12 ppmv (Figs. 2B and 3) (8) , and two coincident abrupt resumptions of deep AMOC are indicated by sedimentary Pa/Th ratios (Fig. 3E) (5) .
The two distinct centennial-scale events toward a 14 C-enriched water column in both EAI/DW and the Southern Ocean (14.8 to 14.6 ka and 11.7 to 11.5 ka) (Fig. 3) provide strong support for an AMOC-related mechanism driving the abrupt increases in atmosphere CO 2 concentration (8) and Northern Hemisphere warming (31) . The atmospheric CO 2 concentration increased at the same time as the 14 C gradient was eroding, suggesting that CO 2 was released into the atmosphere when excess respired carbon in the deep ocean was being flushed out by newly formed, high-D 14 C NCW. Meanwhile, changes in the solubility of CO 2 may have played a role in modulating atmospheric CO 2 as deep waters became warmer (less soluble) and fresher (more soluble). In contrast, the first centennial CO 2 increase at 16.3 ka occurred during a period of reduced AMOC and with no notable changes in North Greenland temperature (Fig. 3C) . Therefore, mechanisms other than sudden AMOC changes are likely to dominate this first centennial CO 2 increase, such as a rapid shift in ocean fronts driving the degassing of CO 2 from mid-depth waters of the Southern Ocean (36) .
At the beginning of the B-A and Holocene, the Drake Passage records were even more 14 Cenriched than in the modern day, by some 400 to 500 14 C years at~14.3 and~11.3 ka, respectively ( Fig. 2C and fig. S4 ). Each of the two high-14 C peaks in the Drake Passage are well constrained by coral samples from similar depths and locations (13), adding confidence that these 14 C shifts reflected changes in deep-ocean circulation. We propose that rapid and deepened advection of well-ventilated NCW homogenized the 14 C composition of the water column during these two pronounced "flushing" events. The presence of NCW at abyssal depths during the B-A and Holocene is also supported by the distinctive unradiogenic Nd isotopic shift and enriched 14 C signatures in the deep North Atlantic (17, 33) .
A subsequent rapid return to a modern-like 14 C water column after both flushing events, highlighted by the rapid decrease in Drake Passage D 14 C (Fig. 1B) , adds weight to the idea of an "AMOC overshoot," a transient stronger AMOC than that of the modern ocean. This AMOC overshoot during B-A has been previously proposed in (16) C data of EAI/DW and Drake Passage (700 to 1800 m) (13) . For clarity, the 2s error ellipses of Drake Passage records are not shown.The green arrow illustrates the modern radiocarbon age difference between EAI/DW and the atmosphere, and the gray arrow illustrates the modern radiocarbon age difference between UCDW and the atmosphere (14) . The red star represents the sample from 2. ocean as compared with the modern ocean (16, 18) . In contrast to but not necessarily at odds with those studies that suggest an overshoot throughout B-A (10), our data indicate that the return to poorer ventilation of the Southern Ocean occurred within 500 years after the start of B-A (14.6 ka) and Holocene (11.5 ka) (Fig. 3, A  and B) . The rapid return thus suggests that the timing of decline in peak AMOC strength occurred in less than 500 years, which is more consistent with AMOC predictions from modeling studies (16, 37) . These results therefore provide evidence for the existence of shortlived deep-ocean flushing events during the last deglaciation.
After the AMOC overshoot in the early B-A, the water-column structure of the EAI/DW was similar to that of the Holocene (Fig. 2C) (16, 17) , providing support for the modern-like advection in the Atlantic. At the start of YD, the EAI/DW water column is characterized by high B-Atmosphere ages in the deeper layer and low B-Atmosphere ages in the shallow layer (Fig. 2C and fig. S5 ). However, the 14 C gradient during the YD was not as large as during the early HS1, probably because the 14 C-depleted water that built up over the glacial period had been largely flushed out by the start of the B-A. Although the data are not well resolved during the Holocene, we do not see any evidence for substantial change in the water column structure of the EAI/DW during this time.
The millennial-scale atmosphere CO 2 increase during YD and HS1 has been suggested to be caused by a southward shift of the westerlies, with increased upwelling in the Southern Ocean (4, 6) . At the same time, reduction of AMOC would lead to a decreased efficiency of the ocean's biological pump because NCW has lower preformed nutrients than that of SCW (25) . These oceanic processes would perturb the deep-ocean alkalinity balance and facilitate further CO 2 release on millennial scales (24) . For the centennial-scale abrupt changes, the first event at 16.3 ka may have been related to a southward shift of ocean fronts in the Southern Ocean (36), with a mechanism similar to that of the millennial-scale CO 2 rise. The processes driving the latter two CO 2 rise events are likely to be very different; they were related to enhanced AMOC and increased ventilation of the deep ocean with newly formed waters, as supported by the data presented here. Although the terrestrial carbon reservoir may have contributed to carbon release at 14.6 ka (38), the in-phase relationship between EAI/DW ventilation and atmosphere CO 2 concentration supports the fundamental role of ocean carbon release during the latter two events. Therefore, mechanisms that can counteract the effect of efficient nutrient utilization of NCW (for example, in contrast with the millennial mechanism) and that are faster than the alkalinity feedback are likely to play a more important role for these events. One of those mechanisms could be an increase in the preformed nutrient content of NCW associated with a shoaled organic matter remineralization depth during abrupt warming (39), combined with a fast oceanic overturning that rapidly releases respired CO 2 into the atmosphere.
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Matching of functional morphology between partners increases benefits and reduces costs in mutualisms (7, 8) . The match between flower tube depth and pollinator tongue length influences resource acquisition and pollination effectiveness (9, 10). For bees, hummingbirds, bats, moths, and flies, morphological matching increases handling efficiency on flowers (9) (10) (11) (12) (13) (14) . Thus, changes that disrupt such matching can alter plant species recruitment and the trajectory of coevolution. Although the climate change impacts on phenological and spatial overlap of mutualists are well known, the role of climate change in generating functional discrepancies between them is less understood. Using historical data, we show that reduced flower abundance in bumble bee host-plants at the landscape scale has accompanied recent warming, leading to evolutionary shifts in foraging traits of two alpine bumble bee species (Bombus balteatus and B. sylvicola). Rapid evolution of shorter tongues in these species may inform our understanding of widespread declines in long-tongued Bombus specialists.
We measured the change in tongue length of B. balteatus and B. sylvicola using specimens collected from 1966-1980 and 2012-2014 in the central Rocky Mountains (15) . These two species historically comprised 95 to 99% of bumble bees at our high-altitude field sites (16) (17) (18) . B. balteatus workers were collected from three geographically isolated locations: Mount Evans (39°35.033′N, 105°38.307′W), Niwot Ridge (40°3.567′N, 105°3 7.000′W), and Pennsylvania Mountain (39°15.803′N, 106°8.564′W).
B. sylvicola workers were collected from Niwot Ridge and Pennsylvania Mountain. Mean tongue length has decreased 0.61% annually and 24.4% cumulatively in these taxa (F 1,23 = 17.02, P = 0.0004 and F 1,67 = 46.14, P < 0.0001) ( Fig. 1 and table S1 ). Using archived specimens and field surveys of bumble bees and host plants, we explored four potential mechanisms for this change in tongue length: (i) decreasing body size, (ii) coevolution with floral traits, (iii) competition from subalpine invaders, and (iv) diminishing floral resources.
Temporal changes in bumble bee tongue length are not explained by plasticity in body size. When phenotypic variance in tongue length is partitioned among underlying sources, size accounts for less than 20% of variation (table S1) (15) . Size has declined in some populations (B. balteatus: F 2,96 = 8.61, P = 0.0004; B. sylvicola: F 1,76 = 29.01, P < 0.0001) ( fig. S1 and table S1) and is phenotypically correlated with tongue length [correlation coefficient (r) = 0.50 to 0.60, P < 0.005] ( fig. S1 ) but contributes little to its reduction over time. After removing variance explained by body size, analysis of covariance shows significant temporal changes in tongue length (B. balteatus: F 1,23 = 17.02, P = 0.0004; B. sylvicola: F 1,67 = 46.14, P < 0.0001) ( Fig. 1 and table S1 ).
Selection to track the floral traits of host plants should favor short-tongued pollinators when flowers become shallower or deep flowers less common (9, 10). We tested this hypothesis by comparing flower depth of herbarium specimens collected from 1960-1982 and 2012-2013 near Mount Evans and Niwot Ridge (15) . In six species that historically provided 88% of floral resources for B. balteatus and B. sylvicola (18) , the change in flower depth over time varied among species (F 6,13 = 9.42, P = 0.0004). Species that now have shallower flowers received few (<10%) bumble bee visits historically ( fig. S2A ). On Pennsylvania Mountain and Niwot Ridge, short-tubed flowers show no systematic increase in abundance [coefficient of determination (R 2 ) = 0.227, t 1,4 = 1.21, P = 0.294; R 2 = 0.0004, t 1,9 = -0.62, P = 0.952, respectively) ( fig. S2, B and C) , suggesting that recent changes in floral trait distributions are insufficient to drive tongue length adaptation in bumble bees.
Alternatively, shifts in bumble bee tongue length may reflect competition from subalpine congeners moving upward with climate change.
